Objective-The regulation of vascular permeability, leukocyte trafficking, and the integrity of endothelial cell-cell contacts are closely linked by a complex mechanism of interregulation. Here, we investigate the role of Krev interaction-trapped 1 (KRIT1), an adherens junction accessory protein required for cell-cell junction stability, in regulating these vascular functions. Methods and Results-Krit1 +/− mice exhibited an enhanced edematous response to the complex inflammatory stimuli found in the passive K/BxN model of inflammatory arthritis and the murine air pouch model, yet leukocyte infiltration was unchanged. Correspondingly, reduced KRIT1 expression increased baseline arteriole and venule permeability 2-fold over that of wild-type littermates, as measured by intravital microscopy of the intact cremaster muscle vascular network, but this increase was not accompanied by increased leukocyte extravasation or activation. Direct stimulation with tumor necrosis factor-α induced increased permeability in wild-type mice, but surprisingly no increase over baseline levels was observed in Krit1 +/− mice, despite extensive leukocyte activation. Finally, adoptive transfer of Krit1 +/− bone marrow failed to increase permeability in wild-type mice. However, reduced expression of KRIT1 in the hematopoietic lineage dampened the differences observed in baseline permeability.
V ascular permeability is an important function of our cardiovascular system, controlling fluid balance and governing the movement of protein and cells into tissue. Permeability is cooperatively regulated by many inputs, including those from circulating blood cells, neighboring endothelial and smooth muscle cells, and the surrounding tissue. Central to our current understanding of vascular permeability is the regulation of endothelial cell-cell contacts, which contain the structural components (ie, the cadherin-based adherens junctions and tight junctions), which form the functional barrier of the vessel wall. Much of what is currently understood about the regulation of endothelial cell-cell contacts, and by extension microvessel permeability, is derived from studies in which reversible increases in permeability are induced by inflammatory stimuli. 1 Importantly, many of the signals transduced by a variety of inflammatory signals functionally regulate endothelial permeability by altering the stability and localization of the adherens junction protein vascular endothelial-cadherin, 2, 3 suggesting that this may be the final step required for permeability changes, although other adherens and tight junction molecules may play a role. Based on findings in inflammation models, it is assumed that the endothelial cell-cell contact is also the site of permeability regulation under noninflammatory, or homeostatic, conditions. However, direct manipulation of these contacts in vivo, for example by genetically deleting or mutating vascular endothelial-cadherin or the junctional molecules p120 or β-catenin, leads to developmental vascular defects that prevent the study of microvessel permeability in situ. [4] [5] [6] [7] Thus, our understanding of how changes in the stability of the endothelial junction complex affect microvessel permeability is hampered by a lack of appropriate animal models.
Krev interaction-trapped 1 (KRIT1), an 80-kDa scaffolding protein, is a member of a multiprotein complex that promotes endothelial adherens junction stability in vitro. 8 In the human population, heterozygous loss-of-function mutations of KRIT1 cause cerebral cavernous malformation (CCM), a vascular malformation characterized by defective endothelial cell junctions and hemorrhage. 9 Although global or endothelialspecific deletion of Krit1 is embryonic lethal during early vascular development (E9.5), 10 heterozygous mice (Krit1 +/− ) are viable and model the genetic alteration found in human CCM patients. Our previous studies established a role for KRIT1 in endothelial cells in vitro, where the protein promotes the association of p120 and β-catenin with the cytoplasmic tail of vascular endothelial-cadherin, thus stabilizing adherens junctions and promoting barrier function. 11 Even partial (≈50%-60%) loss of KRIT1 in vitro is sufficient to increase flux of small molecules across an endothelial monolayer 8 and reduces binding of βand p120-catenin to the cytoplasmic tail of vascular endothelial-cadherin. 11 In vivo studies using Krit1 heterozygous mice have demonstrated increased Evans blue extravasation (Miles assay) in lung and brain tissues, particularly in response to lipopolysaccharide. 12 Although these findings point to an increase in protein and fluid flux across the vascular wall in the partial absence of Krit1, an important caveat to the Miles assay is that dye flux reflects the combined contribution of hydrostatic forces and vessel permeability. Thus, the role of KRIT1 in the context of vascular permeability regulation (ie, barrier function), in normal vessel physiology warrants further investigation in vivo.
The contribution of KRIT1 to barrier function in vitro suggests that alterations in Krit1 expression could modify physiological responses that require complex changes in vascular permeability by affecting the stability of endothelial cell-cell contacts. Herein, we report that decreased KRIT1 expression results in a heightened response to inflammatory stimuli in mouse models of inflammatory arthritis and edema. This response correlates with increased baseline microvessel permeability to albumin in intact vascular networks in situ. We further explore the relative contribution of Krit1 expression in endothelial and hematopoietic cell populations to the observed defects in barrier function, revealing an unexpected role for KRIT1 in permeability regulation by hematopoietic cells.
Methods
Mice KRIT1 heterozygous (Krit1 +/− ) mice were obtained from Dr Dean Li (University of Utah). These mice are on a clean C57BL/6 background after having been backcrossed 10 generations to C57BL/6NCrl (Charles River Labs, stock 027). B6.SJL-Ptprc a Pepc b /BoyJ mice (CD45.1 B6) were obtained from Jackson Laboratory. KRN T-cell receptor transgenic mice were a gift from Drs D. Mathis and C. Benoist (Harvard Medical School, Boston, MA, and Institut de Génétique et de Biologie Moléculaire et Cellulaire, Strasbourg, France) and were maintained on a C57BL/6N background (K/B). 13 Arthritic mice were obtained by crossing K/B with non-obese diabetic/Lt (N) animals (K/BxN). Mice were bred and maintained under standard conditions in the University of California, San Diego animal facility (KRN, non-obese diabetic/Lt, K/BxN, and some Krit1 +/− ) or the University of Rochester animal facility (Krit1 +/− and CD45.1 B6), which are accredited by the American Association for Accreditation of Laboratory Animal Care. All protocols were approved by the respective institutional review board. All mice were used between 8 and 12 weeks of age; littermate controls were used in all experiments.
Statistics
Statistical analysis was performed using PRISM software (version 4.0; GraphPad Software Inc, La Jolla, CA). Significance was set at α=0.05.
Serum Transfer and Arthritis Scoring
Arthritic adult K/BxN mice were bled and their sera were pooled. Agematched male Krit1 +/− or Krit1 +/+ littermates were injected with 50 µL IP on day 0 and day 2 (n=9 mice/group) or 150 µL IP on day 0 (n=20 mice/group). Clinical arthritis scores were evaluated using a scale of 0 to 4 for each paw (0, normal; 1, minimal erythema and mild swelling; 2, moderate erythema and mild swelling; 3, marked erythema and severe swelling, digits not yet involved; 4, maximal erythema and swelling, digits involved) for a maximum score of 16. Ankle thickness in millimeters was measured with a caliper (Manostat, Switzerland). Change in ankle thickness was calculated as an increase in size relative to baseline taken before serum administration. Statistical analysis was performed using 2-way ANOVA and Bonferroni post hoc testing.
Miles Assay
Male Krit1 +/− or Krit1 +/+ littermates (n=8 mice/group) were injected with either K/BxN serum or normal saline, 200 µL IP: after 15 minutes 1 mg/mL Evans blue dye (Sigma, St. Louis, MO) was injected via tail vein. 14 Fifteen minutes after dye injection, the mice were bled into EDTA-coated capillary tubes and serum collected by centrifugation. The mice were then perfused with PBS for 3 minutes to eliminate the circulating dye. The wrists and ankles were harvested individually and extracted with formamide (Sigma). Supernatants were transferred to a 96-well flat bottom plate for absorbance measurement (600 nm). Values were normalized to serum, and statistical analysis was performed using ANOVA and Tukey post hoc testing.
Histology
Whole hind paws (n=8 mice/group) were fixed in 10% formalin, decalcified, trimmed, and embedded. Sectioned tissue was stained with hematoxylin and eosin and Safranin O (HistoTox, Boulder, CO). Joints of arthritic mice were given scores of 0 to 4 for inflammation, according to the following criteria: 0, normal; 1 minimal infiltration of inflammatory cells in periarticular area; 2, mild infiltration; 3, moderate infiltration; and 4, marked infiltration. Cartilage depletion was identified by the presence of diminished Safranin O staining of the matrix and was scored on a scale of 0 to 4, where 0=no cartilage destruction (full staining with Safranin O), 1=localized cartilage erosions, 2=more extended cartilage erosions, 3=severe cartilage erosions, and 4=depletion of entire cartilage. Histological analyses were performed in a blinded manner.
Intravital Microscopy
Male wild-type (WT) (Krit1 +/+ ) or KRIT1 heterozygous null (Krit1 +/− ) mice were anesthetized with sodium pentobarbital (65 mg/ kg IP) and maintained on supplemental anesthetic via a jugular catheter as needed. The cremaster muscle was prepared, superfused, and visualized using established methods. 15, 16 Permeability to BSA was measured as described elsewhere. 16 The vascular wall P s is calculated from the measured flux (J s , mol/s) of BSA into the tissue, 17 with corrections for the source volume and surface area because of the confocal slice. In selected animals, the tissue was activated by intrascrotal injection of mouse recombinant tumor necrosis factor-α (TNF-α, 0.5 µg in 0.25 mL saline; Sigma) or interleukin-1β (30 ng in 0.25 mL saline, Sigma) 3 hours before beginning the surgical preparation. Alternatively, 30 µmol/L histamine (Sigma) was added to the superfusate 5 minutes before image acquisition. On completion of the protocols, animals were euthanized by anesthetic overdose. For all permeability experiments, images were acquired from at least 9 vessel sites, which are the appropriate determinant for n in these experiments. Power analysis appropriate for ANOVA (F test power) indicates that n=9, with an effect size of 0.2 and a significance level of 0.05, results in a power level of 0.90. Data were analyzed using 1-way ANOVA with Bonferroni post hoc testing.
Cell Culture and Transfection
Human dermal microvascular endothelial cells were obtained from Lonza (Walkerville, PA), maintained in endothelial growth medium-2 (Lonza), and used before passage 6. Mouse dermal microvascular endothelial cells were obtained from Cell Biologics (Chicago, IL), maintained in mouse endothelial cell medium (Cell Biologics), and supplemented with 10% fetal bovine serum, 10% Krit1 +/+ mouse serum, or 10% Krit1 +/− mouse serum. Mouse serum was obtained by bleeding into EDTA-coated capillary tubes followed by centrifugation. Cells were transfected with nontargeting negative control small interfering RNA (siRNA) and anti-KRIT1 siRNA (Ambion/ Invitrogen; ID146530), as previously reported. 8
RNA Isolation and Semiquantitative Real-Time Polymerase Chain Reaction
RNA was isolated using the RNeasy Micro kit according to the manufacturer's instructions (Qiagen, Germantown, MD). Complementary DNA was obtained with Superscript III reverse transcriptase using random hexamers (Invitrogen, Grand Island, NY). Taqman assays for human intercellular adhesion molecule-1 (Assay ID: Hs00164932_m1), human Krit-1 (Hs00184988_m1), human β-actin (401846), and human GAPDH (Hs99999905_m1) were purchased from Applied Biosystems (Invitrogen). Vascular endothelial growth factor (VEGF) primers are listed in Methods in the online-only Data Supplement. Amplifications were run in a 7000 real-time polymerase chain reaction system (Applied Biosystems/ Invitrogen). Each value was calculated using the comparative Ct method 18 and normalized to internal controls. All samples were run in at least triplicate, and each experiment was performed from 3 separate cell/RNA preparations (n=3). Data were analyzed using 2-way ANOVA with Bonferroni post hoc testing.
Adoptive Bone Marrow Transfer
Bone marrow recipient adult male B6.SJL-Ptprc a Pepc b /BoyJ and Krit1 +/− mice (8 mice/group) were irradiated (475 Rads) twice, 4 hours apart, using the Gammacell40 Cesium irradiator (Theratronics, Ottowa, ON). Immediately after the irradiations, mice were anesthetized with isofluorane (Baxter International, Deerfield, IL) and injected intravenously with 1×10 6 bone marrow cells in 200 µL of HBSS (Mediatech, Manassas, VA). Mice were rested for 8 weeks to allow for complete immune system reconstitution. To evaluate the effectiveness of the bone marrow transplant, peripheral blood cells were isolated from the chimeric mice and analyzed by flow cytometry using antibodies specific for mouse CD45.1 (BD Biosciences, San Jose, CA), CD45.2 (eBioscience), and B220 (BD Biosciences). Data files containing live (propidium iodide negative) cells were collected on an Accuri C6 flow cytometer (BD Biosciences) and analyzed using FlowJo software (Tree Star, Ashland, OR).
Air Pouch
The murine air pouch model was performed as described in Ref 19. Briefly, sequential subcutaneous injections of 5 mL and 3 mL sterile air were performed 72 hours apart on age-and sex-matched isoflurane-anesthetized Krit1 +/+ or Krit1 +/− mice (n=9/group). Seventy-two hours later, the mice were again anesthetized, and the air pouch was filled with 1.1 mL sterile 1% carrageenan dissolved in PBS (Sigma) or PBS alone. Twenty-four hours later, the exudate was removed using an 18-gauge needle and the volume and number of cells in the exudate quantified. Cell type distribution was quantified by visual counting of Giemsa-stained cells. Statistical analysis was performed using ANOVA with Bonferroni post hoc testing.
Complete Blood Count
Complete blood counts and differential blood cell analysis were performed by the University of California, San Diego Animal Care Program Diagnostic Laboratory (n=3).
Leukocyte Interactions
Bright-field images used to track leukocyte interactions with the vessel wall were acquired with a charge-coupled device camera (Dage-MTI CD72). Delivered leukocytes (cells translating in proximity to the vessel wall but not necessarily in continuous contact) were counted per 40-second time interval. For each experimental group, at least 17 vessel sites were analyzed. Rolling leukocytes were defined as any leukocytes observed translating along the vessel wall continuously in contact with the endothelium for ≥1 seconds as defined in Refs 15 and 20. Rolling leukocyte velocity was measured by tracking the distance rolled by individual cells for a period of time >0.15 second (at least 10 frames) within a 50-µm length of vessel. All cells meeting our imaging criteria were analyzed from 17 vessel sites/ group. Firmly adhered leukocytes (those remaining stationary for ≥30 seconds) were counted in 10 vessel sites/group. Cell extravasation was measured as the number of cells in the tissue within 40 µm of the vessel wall along a defined vessel length; for each condition, ≥9 vessel sites were analyzed. Data were analyzed using 1-way ANOVA with Bonferroni post hoc testing.
Supplemental Methods
TNF-α levels in air pouch exudates were measured using the mouse TNF-α ELISA Ready-Set-Go assay from eBioscience (San Diego, CA). Nuclear factor-κB reporter assays were performed using the Dual-Glo luciferase assay system (Promega, Madison, WI) according to the manufacturer's instructions. Cell surface expression of 6 hematopoietic cell markers was measured by antibody labeling, followed by fluorescence-activated cell sorting analysis. Serum levels of inflammatory cytokines/chemokines were measured in duplicate using a multiplex bead assay (Eve Technologies, Calgary). Additional information is provided in the Materials in the online-only Data Supplement.
Results

Effect of Krit1 Haploinsufficiency on the Development of Inflammatory Arthritis
We postulated that in Krit1 +/− mice, the decrease in junction complex stability could affect their ability to maintain vascular barrier function in response to inflammatory stimuli. Therefore, we assessed inflammatory responses in these mice using the K/BxN model of inflammatory arthritis. This is a well-characterized model of rheumatoid arthritis and is serumtransferable to normal recipients, allowing for the study of inflammatory arthritis in other mouse lines without the need for backcrossing. 21 This model is marked by a predominantly neutrophil infiltrate and edema, which resolve over time. 22 To measure the sensitivity of Krit1 +/− mice to inflammatory stimuli, we performed 2 sequential injections of 50 µL of K/BxN serum, which induced a submaximal inflammatory response as shown by the number of involved joints ( Figure  1C ). This dosing regimen was sufficient to induce swelling and arthritis in Krit1 +/− mice; however, this response was absent in WT animals ( Figure 1A) , indicating Krit1 +/− mice are more sensitive to the induction of inflammation. A higher single dose of 150 µL also induced a severe polyarthritis in both Krit1 +/− and WT littermates ( Figure 1B ). At this dose, both groups developed arthritis to the same degree over the course of the experiment ( Figure 1D ). However, even at the higher serum dose, the Krit1 +/− mice exhibited a significant increase in ankle thickness versus WT controls by 4 days after serum injection, which continued until 7 days after injection, at which time the inflammation began to resolve ( Figure 1B ). Both groups reached their maximum change in ankle size at day 7, suggesting that the severity, and not the progression of the inflammation, was affected.
To examine whether the increase in ankle thickness was the result of an increase in microvascular leak in response to K/BxN serum, we injected Evans blue dye 15 minutes before injection of serum, and then quantified dye accumulation in the paws and feet (representative images shown in Figure  I in the online-only Data Supplement) after formamide extraction. As expected, microvascular dye flux was increased in response to K/BxN serum in Krit1 +/− animals compared with WT controls (Figure 2A ). In addition, we examined the influx of inflammatory cells into the ankle joint of arthritic animals by immunohistochemistry. Ankle sections taken at the peak of cellular infiltration (day 9) from a separate cohort of mice treated in an identical manner, were stained with hematoxylin and eosin to assess leukocyte infiltration and bone erosion (ie, inflammation) and with Safranin O to evaluate peptidoglycan loss and cartilage destruction. All sections were scored by an observer blinded to section identity using an established scale. 23 Although a slight trend toward decreased inflammatory and erosion scores in Krit1 +/− mice was observed, this was not statistically significant ( Figure 2B ). Representative images are shown in Figure 2C ; uninjected tissue is shown for comparison. Arrowheads indicate areas of leukocyte infiltration; asterisks denote cartilage degradation. Thus, inflammatory activation by K/BxN serum triggered a larger increase in protein flux across the vessel wall in Krit1 +/− mice but did not affect the accumulation of leukocytes in the inflamed joint.
Reduced KRIT1 Expression Increases Baseline Microvessel Permeability
Our studies using the passive K/BxN arthritis model indicated that reduced expression of KRIT1 increases the flux of protein-rich fluid into the tissue during inflammation, supporting our hypothesis that Krit1 +/− mice exhibit defective fluid homeostasis. To examine whether these changes correlated with lower vascular barrier function in vivo, we directly measured the permeability (P s ) using intravital microscopy, under conditions in which changes in hydrostatic forces are minimal. 16 Krit1 +/− arterioles exhibited a mean P s of 1.646×10 -6 cm/s, significantly higher than that observed in WT littermates (0.531×10 -6 cm/s; Table) . As shown in Figure 3A , this difference is clearly a result of both an overall upward shift in value and an increase in the variation of P s values, including an increase in the proportion of highly leaky vessels. The effect of reduced KRIT1 expression in venules is less extreme (mean P s of 1.383 versus 0.664×10 -6 cm/s; Figure 3B ; Table) but also clearly demonstrates an upward shift in permeability values. Thus, reduced Krit1 expression is sufficient to reduce barrier function in vivo, confirming our earlier work in isolated cells. Notably, this increase was seen in the absence of any inflammatory stimulus, suggesting that KRIT1 haploinsufficiency predisposes these animals to edema formation. 
Reduced KRIT1 Expression Blocks Increased Permeability in Response to TNF-α But Not Histamine
We then asked whether the increase in edema formation in the K/BxN model was the result of an increase in P s in response to the inflammatory stimulus. This model relies on cytokinedependent processes to trigger edema formation and leukocyte migration. Specifically, those mediated by increased expression of TNF-α and interleukin-1β, 19, 24 common inflammatory signals released by leukocytes during inflammatory activation. 25 Therefore, we assessed permeability changes in response to TNF-α and interleukin-1β stimulation.
Injection of interleukin-1β 1 to 4 hours before imaging failed to induce significant changes in P s in control or Krit1 +/− animals, while triggering a massive leukocyte response in both strains (data not shown). However, injection of TNF-α 4 hours before imaging increased both arteriolar and venular P s ≈2-fold in WT littermates ( Figures 3A and 3B ), in agreement with previous studies 15 that established that this dose of TNF-α induces a maximum increase in permeability. Intriguingly, TNF-α stimulation was unable to increase P s in Krit1 +/− venules ( Figure 3B ) and surprisingly decreased P s in Krit1 +/− arterioles, although this difference was not statistically significant. We considered whether the lack of permeability increase in response to TNF-α was a result of altered responses to TNF-α in Krit1 +/− animals. TNF-α levels were similar between groups ( Figure IIA Furthermore, reduced KRIT1 expression in endothelial cells does not seem to affect the activation of the nuclear factor κ-light chain enhancer of activated B cell (nuclear factor-κB) pathway by TNF-α, considered a major regulatory link between cytokine stimulation and permeability regulation. Krit1 mRNA expression decreased by >60% after anti-Krit1 siRNA transfection of human dermal microvascular endothelial cells ( Figure IIIB in the online-only Data Supplement). 8 Knockdown of Krit1 did not affect nuclear factor-κB-dependent luciferase expression in response to TNF-α treatment ( Figure IIIA in the online-only Data Supplement), nor did it alter the nuclear factor-κB-dependent induction of intercellular adhesion molecule-1 mRNA by TNF-α 26 (Figure 3C ). To examine whether the endothelial response was affected by environmental factors, we also cultured siRNA-transfected mouse dermal microvascular endothelial cells in media containing 10% Krit1 +/+ (WT) or Krit1 +/− serum. We observed a decrease in TNF-α-induced intercellular adhesion molecule-1 expression in both negative control and Krit1 siRNA-transfected cells in the presence of Krit1 +/− serum, decreasing from an ≈18-fold increase to an ≈8-fold increase. However, the physiological relevance of this change is uncertain, given that an 8-fold increase in expression is still a significant upregulation. Thus, the absence of a TNF-α−induced increase in permeability in Krit1 +/− mice is not likely a result of an inability of KRIT1deficient endothelium to respond to TNF-α stimulation. Finally, the lack of a permeability change in the Krit1 +/− mice in response to TNF-α is not attributable to the maximal loss of barrier function, as treatment of cremaster muscle preps with histamine, an acute mediator of the inflammatory response, increased P s in both Krit1 +/+ and Krit1 +/− venules ( Figure 3B ).
Contribution of the Krit1 +/− Leukocyte Population to Microvessel Permeability
We then examined the possibility that the role of KRIT1 in vascular permeability regulation may not be confined to its function in the endothelium. We had previously reported that KRIT1 protein is expressed in the hematopoietic lineage 11 and indeed appears to be expressed in most cell types. Furthermore, KRIT1 is an effector of the GTPase Rap1, a known modulator of leukocyte adhesion. 27 Given that the interplay between leukocyte and endothelial behavior is complex, it is difficult to predict the exact outcome of altered signaling between or within these 2 cell populations. Therefore, to examine the potential contribution of Krit1 +/− leukocytes to edema formation and microvessel permeability, we generated reciprocal bone marrow chimeras. We used congenic B6.SJL-Ptprc a Pepc b /BoyJ mice (referred to herein as CD45.1 B6) as the WT donor/recipient strain. These mice express the differential B-cell antigen Ly5.1 (CD45.1), which allows differentiation between donor and recipient cell populations by fluorescence-activated cell sorting analysis. Krit1 +/− mice are on a C57BL/6N background and express the Ptprc b allele (CD45.2). Bone marrow cells isolated from either Krit1 +/− or CD45.1 B6 donors were injected into irradiated Krit1 +/− or CD45.1 B6 hosts. The 4 groups of mice, which included Krit1 +/− bone marrow transferred into Krit1 +/− recipients (Krit1 +/− chimeras), CD45.1 B6 bone marrow into CD45.1 B6 recipients (CD45.1 B6 chimeras), Krit1 +/− bone marrow into CD45.1 B6 recipients (Krit1 +/−BM /B6 host chimeras), and CD45.1 B6 bone marrow into Krit1 +/− recipients (B6 BM /Krit1 +/−host chimeras), were allowed to reconstitute for 8 weeks, at which time peripheral blood cells were stained for CD45.1, CD45.2, and B220. In all 4 groups of mice, the percent reconstitution was >95% ( Figure IV and Table I in the online-only Data Supplement).
Table. Mean P s Values in Microvessels of Wild-Type and Krit1 +/− Mice
We then measured P s in the venules of recipient animals by intravital microscopy. Baseline permeability of the chimeric animals was increased compared with nonirradiated control animals ( Figure 4A versus Figure 3A ). However, similar to our previous observations using nonirradiated Krit1 +/− and Krit1 +/+ mice, Krit1 +/− chimeras exhibited a 3-fold increase in P s compared with the CD45.1 B6 chimeras. The presence of Krit1 +/− leukocytes in the Krit1 +/−BM /B6 host chimeras slightly increased mean P s over control levels (1.1 ± 0.29 in Krit1 +/−BM / B6 host chimeras versus 1.026 ± 0.1433 in CD45.1 B6 chimeras) but did not rise to the levels observed in the Krit1 +/− chimeras. Interestingly, mean P s levels in the B6 BM /Krit1 +/−host chimeras were not significantly different than the mean P s levels in the control CD45.1 B6 chimeras, indicating that WT hematopoietic cells were sufficient to reverse the increased permeability observed in the Krit1 +/− chimeras. Together, these data suggest, unexpectedly, that the observed increase in permeability in Krit1 +/− mice is the result of a requirement for Krit1 in both the hematopoietic and endothelial populations.
Reduced KRIT1 Expression Does Not Significantly Promote Leukocyte Migration or Adhesion
It is well established that leukocyte activation and adhesion play an important role in the regulation of vascular permeability. Thus, given the apparent contribution of hematopoietic cells to increased permeability in Krit1 +/− mice, it appeared obvious to examine whether the increase in permeability was accompanied by a change in leukocyte behavior. Consequently, we used the air pouch inflammation model to study the effect of reduced expression of KRIT1 on leukocyte chemotaxis. We injected a previously created subcutaneous air space with either saline or carrageenan, the latter of which induces fluid (exudate) accumulation and the infiltration of polymorphonuclear leukocytes within 24 hours. There was no difference in leukocyte infiltration after carrageenan treatment in Krit1 +/− mice versus WT controls ( Figure 4B ), although we did observe a Krit1 +/− -dependent increase in exudate volume in carrageenan-treated mice ( Figure 4C ). Somewhat surprisingly, we observed a small but significant increase in the number of cells found in the air pouch of saline-treated Krit1 +/− mice ( Figure 4B ), concomitant with a significant increase in exudate volume ( Figure 4C ). The cells found in the exudate of carrageenan-treated mice and saline controls were primarily polymorphonuclear leukocytes (>95%, data not shown), with a few monocytes present, suggesting some low level of inflammation is present even in saline controls. Thus, reduced expression of Krit1 may increase leukocyte extravasation under suboptimal inflammatory conditions but has little to no effect on the leukocyte response to inflammatory stimuli. As leukocyte migration is predicated on the adhesion of these cells to the vessel wall, we then directly examined leukocyte adhesion in microvessels, both in the absence of inflammation and after injection of TNF-α. Total white blood cell counts were equivalent and within the normal range in both strains ( Figure 5A ), and although the differential cell counts showed modest changes in some cell types, these were not significant and were not seen in a more detailed analysis of several hematopoietic markers ( Figure V in the online-only Data Supplement). Subsequently, there was no difference between untreated Krit1 +/− mice and WT littermate controls, in either the delivered ( Figure 5B ) or adhered ( Figure 5C ) leukocytes. Measurements were within the expected range for unstimulated vessels. 20 Although Krit1 +/− mice exhibited a slight increase in leukocyte transmigration, this was not statistically significant ( Figure 5D ). TNF-α induced a significant decrease in leukocyte rolling velocity ( Figure 5E ), and an increase in adhesion ( Figure 5C ) and the number of transmigrated cells ( Figure 5D ) in both groups of mice compared with untreated animals. The TNF-α response appeared as expected 15 in WT animals, and no significant increase in velocity, adhesion, or extravasation in response to TNF-α was seen in Krit1 +/− mice. Thus, we conclude that under unstimulated conditions, Krit1 +/− leukocytes do not exhibit increased activation, as measured by increased interaction with the vessel wall. Furthermore, these data suggest that the lack of permeability increase in response to TNF-α in Krit1 +/− mice is not attributable to an inability of the leukocyte population to activate adhesion signaling in response to TNF-α stimulation.
Discussion
We have now clearly demonstrated that KRIT1 plays an integral role in microvessel homeostasis in vivo. Our data indicate that a reduction in KRIT1 expression leads to an increase in basal microvessel permeability in both arterioles and venules ( Figures 3A and 3B ), although the responses in these vessel types show subtle differences. We previously demonstrated, in WT animals, that flux occurs across the arteriolar wall, although to a lesser extent than in venules. Krit1 +/− mice exhibit enhanced arteriolar permeability versus venular permeability, suggesting that arteriolar endothelial cells may be more sensitive to loss of KRIT1 expression.
Continued exploration of the KRIT1 function in specific vessel types is of particular interest, not the least because of the recent suggestion that CCM lesions are restricted to the venous network. Even so, loss of KRIT1 expression plainly has important implications for vascular homeostasis and edema formation during inflammation (Figure 1 ). Under homeostatic conditions, the increase in protein/fluid flux into the tissue in Krit1 +/− mice seems to be compensated for by a concomitant increase in lymphatic drainage, as these mice do not exhibit edema when unchallenged. After inflammatory stimuli, permeability may increase beyond the ability of the lymphatics to compensate, leading to severe swelling. This is seen most dramatically in the passive K/BxN model, in which reduced KRIT1 expression led to edema at a dose that did not induce a response in WT littermates ( Figure 1A) . However, we also demonstrated an enhanced response to inflammation in the air pouch synovitis model (Figures 4B and 4C ) and after direct stimulation of a microvascular network in vivo (histamine; Figure 3D ). The consequence of this higher basal permeability and sensitivity to inflammation with regard to the development of CCM is unclear. However, it is possible that alterations in the inflammatory response could play a role in lesion development or severity. It has been suggested that the presence of inflammatory cells in CCM lesions is associated with risk of hemorrhage and significant symptomatic disease. 28 Thus, inflammation could increase the relative risk of hemorrhage from the lesion or the persistence of postbleed symptoms. Current clinical practices make it difficult to assess this premise in the human population, but new mouse models of CCM will enable us to test this hypothesis in future studies.
Our initial hypothesis predicts that the mechanism that underlies the higher baseline permeability and increase in edema formation is likely downstream of the destabilizing effect of reduced KRIT1 expression on endothelial cell-cell junctions. This hypothesis was based, in part, on the assumption that the essential physiological functions of KRIT1 are confined to the endothelial compartment. Despite the fact that CCM patients exhibit a germline defect in Krit1 expression in all cell types, CCM is considered an endothelial disease, as mouse models indicate that loss of CCM proteins in endothelial cells is sufficient to generate lesion formation. 29 Therefore, we were very surprised to find that the increase in baseline permeability observed in Krit1 +/− animals was completely blocked when the Krit1 +/− mice were reconstituted with WT bone marrow ( Figure  4A ). This result contrasts with our findings in vitro, which indicated that reduced KRIT1 expression was sufficient to increase endothelial leak in the absence of immune cells. 8 Such differences highlight the need for in vivo studies, in which complex cellular interactions are present that may significantly affect the measured physiological responses.
Nonetheless, our findings suggest that Krit1 +/− hematopoietic cells contribute to the enhanced permeability in Krit1 +/− mice, a novel finding that opens many new channels of research. Cellular interactions between the vascular endothelial wall and leukocytes have a well-documented ability to modify vascular permeability, thus we closely examined this interaction in vivo. The interaction between leukocytes and the vessel wall occurs to a similar extent in unstimulated Krit1 +/− mice compared with WT controls (Figure 5 ), under conditions in which the permeability change is evident ( Figure  3A ). Furthermore, adoptive transfer of Krit1 +/− hematopoietic cells failed to increase permeability in WT animals ( Figure  4A ), and KRIT1 haploinsufficiency enhanced fluid extravasation during inflammation in both the K/BxN and air pouch models without significantly affecting leukocyte extravasation (Figures 1 and 4) . Although we did observe increased leukocyte extravasation in unstimulated Krit1 +/− mice ( Figure 4B ), this likely reflects an increased likelihood for extravasation attributable to a decrease in barrier function, and the magnitude of this increase suggests this is unlikely to have physiological implications. It is perhaps more noteworthy that we can now show that full KRIT1 expression is not required for effective leukocyte adhesion, implying that Krit1 is unlikely to be a relevant Rap1 effector in this cell type. Despite these significant findings, future studies will be required to determine what hematopoietic cell compartment is responsible for the enhanced permeability response in Krit1 +/− mice.
It is now apparent that the contribution of reduced KRIT1 expression in the hematopoietic compartment to vascular permeability is independent of leukocyte activation and adhesion ( Figure 5 ) and not a result of global differences in cytokine or chemokine expression (Figures IIB and IIC in the onlineonly Data Supplement). Leukocytes can produce many permeability-inducing factors, such as reactive oxygen species and VEGF, commonly as part of the leukocyte activation process. Intriguingly, it was recently shown that reduced KRIT1 expression in endothelial cells is linked to increased reactive oxygen species signaling. 30 Furthermore, we previously published that reduced KRIT1 expression increases expression of VEGF in endothelial cells through activation of the canonical β-catenin pathway. 11 Indeed, we observed higher levels of serum VEGF in Krit1 +/− mice, as well as increased VEGF mRNA in isolated Krit1 +/− bone marrow cells (Figures IIB and VI in the online-only Data Supplement). Thus, it is possible that changes in VEGF, reactive oxygen species, or other permeability inducing factors drive the increase in basal vascular permeability seen in Krit1 +/− mice, a question we are actively pursuing in ongoing studies.
These data now bring into question the mechanism of the biological effects of KRIT1. It seems clear that the overall physiological effect of KRIT1 haploinsufficiency is unlikely to be confined to its functions in the endothelial cell. Furthermore, we recently demonstrated that the Krit1 deficiency-induced decrease in cell contact stability leads to an increase in β-catenindependent transcriptional activity in vitro and in vivo. 11 Thus, the effects of KRIT1 deficiency in vivo, including the ability of the endothelium to respond to normal inflammatory stimuli, may extend beyond the stability of the cell-cell contact. This idea is supported by the inability of Krit1 +/− mice to increase permeability in response to TNF-α treatment, yet these animals were able to respond to other permeability-inducing factors, including histamine ( Figures 3A and 3B) , VEGF, 31 and lipopolysaccharide. 12 This suggests that reduced KRIT1 expression does not merely reduce barrier function in vivo but may actively modify signaling responses to inflammatory mediators.
In summary, our observations point to an important role for KRIT1 in maintaining normal microvessel homeostasis in vivo. Significantly, the requirement for reduced KRIT1 expression in the hematopoietic cell population for increased permeability may have implications for the pathophysiology of CCM. However, these studies also point to a role for KRIT1 in the regulation of barrier permeability in response to inflammation and, in particular, the outcome of individual cytokine and chemokine signaling. Further dissecting these mechanisms will allow for a more detailed understanding of the regulation of microvessel permeability in response to these factors and may provide important insights into the centrality of endothelial cell-cell contact in vascular permeability, including the relative contribution of the actions of the inflammatory stimuli directly on the structural barrier (ie, endothelial-dependent effects) versus effects downstream of leukocyte activation and adhesion.
